The maturity of mango is usually assessed by the determination of its moisture content (m.c.) 
INTRODUCTION
Mango (Mangifera indica L.) is a popular fruit of the tropics. It belongs to Anacardiaceae family with 60 genera (Abidin 1991) . The Malaysian National Agricultural Policy (NAP) has enlisted it among the 15 types of fruits under agricultural produce export (Ding & Darduri 2013) . Therefore, fruit quality assessment is crucial and commonly conducted based on the external properties such as size, color, shape and defect. However, they may inaccurately represent the internal quality such as sugar content, acidity, firmness and internal breakdowns (Soltani et al. 2011) .
In the assessment of agricultural produce, the measurement of moisture content (m.c.) remains the prime interest (Ragni et al. 2006 ) besides soluble solid content (SSC) and pH. Appiah et al. (2011) reported that moisture percentage for ripe and unripe mango is 79.75% and 83.11%, respectively. Generally, pH also increases during fruit development typically from 4.2 to 5.7 (Pleguezuelo et al. 2012) , meanwhile SSC increases during the ripening stage (Padda et al. 2011) . However, the techniques to determine m.c., pH and SSC are either time consuming, tedious and destructive.
Recently, a speedy and non-destructive technique using microwave open-ended coaxial probe was applied to determine the dielectric properties of mango from 1.0 MHz to 1.8 GHz. Sosa-Morales et al. (2009) reported that several parameters were measured such as m.c., soluble solids, acidity, pH, maturity index and electrical conductivity of mango. However, the results were reported only for post-harvested mangoes on day 0, 4, 8 and 16 of storage. No information was provided during fruit developmental stage. In addition, Sosa-Morales et al. (2009) only conducted measurements below 1.8 GHz where the effect of bound water is predominant. The loss factor, ε" depends on the operating frequency. Initially, ε" value decreases with frequency from direct current (DC) to a critical frequency separating the bound and free water molecules under the influence of both the dipolar relaxation and ionic conduction. Beyond 1.8 GHz, the measurements are greatly influenced by the free water relaxation and ε" increases with the increasing frequency.
Contrary to Sosa-Morales et al. (2009) , this study focused on the dielectric and physicochemical properties of mango during fruit development starting week 5 to week 17 after anthesis. Anthesis is the period where the flower bud of a plant is fully opened and functional (Guardiola 1997) . The study examined the dielectric properties in the frequency range from DC to 4.0 GHz covering the dipolar relaxation, ionic conduction and free water relaxation behavior. The objectives of this study were: to determine the variation in m.c., pH and SSC with weeks after anthesis during fruit development process, to determine the effect of frequency on the dielectric constant, ε' and loss factor, ε" of mango, to establish the relationship between the critical frequency, ε', ε" and pH with m.c. and to extend the application of open-ended coaxial technique to determine both m.c. and pH of fruits. These relationships can be used to predict the ripeness stage of mango.
MATERIALS AND METHODS

SAMPLE PREPARATION
The experimental design was a randomization design in which the experiment used 5 randomly selected Chok Anan mango trees. Fifty five fresh (Mangifera indica cv. Chok Anan) mango samples were picked at 2-week intervals starting week 5 to week 9 after fruiting and continued with 1-week interval until week 17 (April to June 2016) from mango plot at MARDI Research Station, Kundang, Selangor, Malaysia. The controlled variable was implemented by continuously monitoring the ripeness of mango samples from the same tree. In every experiment, five mango samples were picked from five randomly selected mango trees (one sample per tree). The physicochemical properties of mango such as m.c., SSC and pH were then measured. All the mangoes were washed and sliced into the size of 2.0 × 3.0 cm without removing the skin. The thickness for each sample was 1.5 cm. 195 sample slices were obtained for 55 mangoes from week 5 to week 17. Data were analyzed using analysis of variance (ANOVA) (SAS Institute 1989).
MOISTURE CONTENT MEASUREMENT
The microwave oven-drying method was used to determine the actual m.c. of mango using the official AOAC method (AOAC 2000; Nielsen 2010 ) with two minor modifications on time and power setting. Each sample was dried for 20 min with 550W microwave power satisfying the minimum requirement for water (Michael et al. 1991) . The dried samples were cooled at room temperature of 25°C before being weighed again. Prior the drying procedure, each part was weighed separately using a Shimadzu Y220 electronic weight balance (Shimadzu Corporation, Japan) with 0.1 mg precision. The process was repeated until a constant mass ± 0.5 mg was obtained for each sample (Yahaya et al. 2014) . The wet basis m.c. of a material is defined as Bouraoui et al. (1993) :
where m wet and m dry are the initial mass before drying and the final mass after drying, respectively.
MEASUREMENT OF THE DIELECTRIC PROPERTIES
The dielectric properties were measured using Agilent (now Keysight Technologies) 85070B open-ended coaxial (OEC) probe (Keysight Technologies, Inc., California) along with a HP 8720B Vector Network Analyzer (VNA) (Keysight Technologies, Inc., California) for 201 frequency points ranging from 1.0 to 4.0 GHz. Permittivity (dielectric constant and loss factor) was calculated from the reflection coefficient of the material in contact with the active tip of the probe (Blackham & Pollard 1997) . The calibration standards for the dielectric probe were air, a shorting block and deionized water. The measurement error for the dielectric constant was ± 0.05 (Agilent Technologies 2013). 195 samples were used for the dielectric properties measurement. The samples were supported using a laboratory jack that was raised to bring the sample into firm and close contact with the sensor. The coaxial cable and sensor were fixed using a retort stand since any subtle movement could affect the measurement results. The minimum thickness, of the sample to avoid the microwave signal reach the end face of the sample using OEC probe is specified by the manufacturer (Agilent Technologies 2013) as,
where represents permittivity. The lowest ε * that can be measured by OEC probe is 2.0, equivalent to the sample thickness 1.4 cm. The thickness will be smaller for samples with higher dielectric constant values according to (2). In this work, measurements were carried out to determine the exact minimum thickness of the mango flesh. The values of the dielectric constant of sample were found to be constant if the thickness was above 0.8 cm. Thus, the presence of the stone will have negligible effect on the permittivity measurement of the flesh if the samples were thicker than 0.8 cm.
DETERMINATION OF SSC AND PH
SSC is used as a measure of sweetness and it is determined by measuring the juice (Guo et al. 2011 ). The mango juice was expressed using juice extractor for the SSC measurement. The SSC was determined with a 13950000 AR 200 digital refractometer (Reichert Inc., New York, USA) following method 932.12 of AOAC (1990) . The refractometer readings which are frequently referred to as Brix readings are expressed in percent of total soluble solids by weight (Nelson 2003) . Meanwhile the pH value was determined with a SG2-FK pH Meter (Mettler-Toledo, Schwerzenbach, Switzerland) by following the procedure of AOAC (1990) , method 981.12. The measurement of every sample was conducted in three replications which then averaged.
RESULTS AND DISCUSSION
MANGO PHYSIOLOGY AND RIPENING Figure 1 shows the variations in m.c., SSC and pH during the fruit development from week 5 to 17, meanwhile Table 1 shows the list of the values. However, these values depend on numerous factors such as cultivator, climatic and cultural factors (Quintana et al. 1984 Figure  1 . These equations can be used to predict m.c., SSC and pH during fruit development and ripening between 5 and 17 weeks after anthesis. The study showed that during the fruit development and ripening from week 5 to week 17, the m.c., SSC and pH have increased. The m.c., SSC and pH of the ripe Chok Anan mango (averaged over five samples) at week During the development and ripening stage, the m.c. of the fruit samples increased. The increase may due to the increase in the osmotic transfer of moisture from peel to pulp (Appiah et al. 2011) . As fruits reach maturity, both the sugar-to-acid ratio and soluble sugars increase (Lamsal & Jindal 2014) . Meanwhile the increase in SSC can be attributed to the breakdown of carbohydrate into simple sugar and sugar (Kittur et al. 2001) . Additionally, during the ripening process, starch hydrolyses into simple sugars where glucose, fructose and sucrose are dominant in ripe fruits (Ito et al. 1997) . The increase in pH during development and ripening of mango may also due to utilization of acids as respiration substrates (Aina 1990; Dadzie & Orchard 1997) . Figure 2 shows the relationship between pH and m.c. for the mango samples with high linear regression coefficient of determination of 0.953. To date, the information on the correlation between pH and m.c. is still lacking. The previous studies on avocado and cucumber (Hodge 2001) , as well as on mango (Appiah et al. 2011) reported that pH value increased with m.c. (i.e. the higher the m.c., the higher the pH). Apparently, this study produced results that have good correlation with the previous studies. Leghari et al. (2013) reported the correlation between pH and acidity in which low acidity correlated with high pH. Equation (3) can be used to predict the pH values from known values of m.c. The mean relative error obtained using m.c. method was 0.030 as shown in Table 3 . The ε' profile of the mango samples followed closely the ε' profile of water. For all samples with different percentages of m.c., the ε' decreased almost linearly with the increasing frequency from 1.0 to 4.0 GHz as shown in Figure 3(a) . Clearly, it can be observed that samples with higher m.c. have higher values of ε'. This is expected since water is a strong polar solvent (Ryynanen 1995) that has high electric dipole moment due to the separation of charges. Due to the high dipole moment of water molecules, water has extraordinarily high dielectric constant at microwave frequencies. ε' is the ability of the samples to store energy due to electric polarization of water. The higher the operating frequency, the lesser the water molecules will be polarized and thus the lower the value of the ε'. Water molecules are able to follow the microwave vibration at low frequency, thus increases the value of ε'. Contrarily, the molecules are no longer able to follow the microwave DIELECTRIC PROPERTIES OF MANGO: LOSS FACTOR, ε" The variation in ε" with frequency is shown in Figure  3 (b). The ε" describes the ability to dissipate energy in response to an applied electric field or various polarization mechanisms that is a common result in heat generation (Ikediala et al. 2000; Mudgett 1986 ). ε" is related to the absorption and dissipation of electromagnetic energy in other forms of energy including thermal (Decareau 1985) . These energy absorptions are caused by different factors depending on the structure, composition and frequency.
CORRELATION BETWEEN M.C. AND PH
Obviously from Figure 3 (b), it can be observed that ε" initially decreased at low frequencies before it increased with frequency above a critical frequency, f c . f c is the separation frequency between bound and free water regions. Below f c (bound water region) , the water molecules were very tightly associated with the mango samples and lesser water movement, which produced the effect of low conductivity value and loss factor. Above (free water region) , ε" closely followed the free water profile. At this region, water molecules moves freely with higher value of conductivity and dissipates as heat energy that in turn increases the values of the loss factor ( The values of ε" for all samples were the lowest at f c . For example, mango samples with 78.39% m.c., the corresponding values of ɛ" were 13.97 at 1.63 GHz. in the samples, the stronger the binding between hydrogen and oxygen molecules will be. Water is highly polarized material (Hasted 1973) , thus samples with higher m.c. will be more polarized that in turn will increase ε'. Samples with higher m.c. will allow more free movement of the water molecules and may result higher energy dissipation due to the greater effect of dipole polarization. Thus, the ε" increases for samples with higher m.c. However, in the study, pH for mango samples increased with m.c. during fruit development and ripening process as discussed in previous section. The higher the m.c., the higher the pH values and the lower the conductivity values will be, which in turn will decrease the ɛ" values (Thumm et al. 2012) .
The relationship between ɛ' and ɛ" with m.c. is summarized at four arbitrary frequencies: 1.0, 2.0, 3.0 and 4.0 GHz as shown in Table 4 . The value of the R 2 and ɛ' decreased as the frequency increased. Table 4 suggests higher R 2 values may be obtained at lower frequencies due to the orientation polarization of polar molecules was slowed down by the binding of water molecules in the mixture. At low frequency, the water molecules were tightly bound with the composition in the samples, thus they would be able to follow the microwave vibration and more water molecules would be polarized. The sensitivity that is the gradient of the regression line is defined as the change in the output (D' or D") with respect to the input (Dm.c.). The range of sensitivities D'/Dm.c. were from 0.4854 to 0.5408. The sensitivities, D"/Dm.c. were much lower ranging between 0.4598 and 0.0536. The equations in Table 4 can be used to determine both ɛ' and ɛ" from known m.c. values. Inversely, the permittivity values obtained using the Keysight coaxial probe can be used to predict m.c. in the mango samples by exchanging the ɛ' and ɛ" with m.c. in the x-y graph.
PERFORMANCE ANALYSIS
An equation with high regression coefficient does not necessarily produce high accuracy prediction results. Accurate results can only be determined by comparing the predicted m.c. results obtained indirectly from the dielectric measurements with the actual m.c. found using the microwave oven method (Ansarudin et al. 2012) .
The calibration equations at the four selected frequencies for the determination of m.c. based on the dielectric properties are tabulated in Table 5 . The calibration equations based on both ɛ' and ɛ'' were found to be the most accurate at 1.0 GHz. The lowest mean relative error of 0.017 was obtained using ɛ' method compared to ɛ'' method (0.024), both values at 1.0 GHz. Thus, it can be concluded that the most accurate equation to predict m.c. in the mango samples is based on the measurement of the 
CONCLUSION
An open-ended coaxial technique suitable for the determination of m.c. and pH of mango has been developed and tested. The dielectric constant and loss factor were used to determine the m.c. that in turn was used to predict the pH of mango samples from week 5 to 17 during fruit development. The technique is a nondestructive and suitable for a speedy initial quality check of fruit ripeness. A portable microwave measurement system shall be constructed soon to replace the VNA for in situ measurements.
